INTRODUCTION
Stillage (distillery wastewater) is the main waste product generated in the distilleries. Its pollution potential is one of the most serious problems today, so distillery industries are forced to develop new techniques for stillage purification and utilization. The amount and composition of stillage are variable and depend on the feedstocks used for bioethanol production, as well as various aspects of the production process.
It is characterized by a high content of organics and total solids, low pH and a very large volume, increasing together with the ethanol production. To produce 1L of ethanol, approximately 10 to 15 liters of distillery stillage are generated (1) . Also, it has very high biological oxygen demand (BOD), chemical oxygen demand (COD) and a high BOD/ COD ratio. The amounts of inorganic substances such as nitrogen, potassium, phosphates, calcium and sulfates are also very high (2) . Distillery stillage contains some feedstock components and degraded yeast cells. Many of those components are characterized by a high nutritive value. They contain vitamins (with large amounts of those classified as group B), proteins rich in exogenous amino acids, and mineral components (3) .
Compared to other distillery wastewaters (sugar-based stillage and stillage from cellulosic materials), the stillage from the fermentation of starch-based feedstocks contains more suspended solids due to the presence of grains remaining after fermentation. An important characteristic of stillage obtained from molasses-based feedstocks include color components. Phenolics from the feedstock, melanoidins from Millard reaction of sugars with proteins, caramels from overheated sugars and furfurals from acid hydrolyses can contribute to the color of the effluent (4). Chromium, copper, nickel and zinc were found at levels significantly above detection limits in some distillery effluents, especially in the stillages from cellulosic feedstocks. Some heavy metals are originating from feedstocks used for bioethanol production. The processing equipment used in the pretreatment of cellulosic feedstocks (acid hydrolysis) is often made of corrosion-resistant alloys. Heavy metals contained in these alloys may leach into the feedstock during the hydrolysis, resulting in detectable levels in the stillage (4) . Also, corrosion of piping, reactors and heat exchangers may contribute to heavy metal content in the stillage.
Considering high pollution potential of distillery wastewater, it should not be disposed in the nature without previous treatment. Stillage disposal in the environment can be adverse. High COD and nutrient content may result in eutrofication of natural waters, colored compounds block out sunlight penetration in rivers and lakes, reducing photosynthetic activity and dissolved oxygen concentration. Disposal of distillery wastewater on land is also harmful, and can affect the vegetation and groundwater quality.
Different techniques for distillery stillage purification have been explored. Stillage is usually treated first with a screw decanter to remove solids (1) . Also, centrifugation can be successfully used as a technique for solids separation (5) . Further, stillage can be concentrated in the multi-effect evaporators with the co-production of condensate, which is lower in organics and almost devoid of inorganic salts. However, significant energy required to evaporate the stillage can negatively impact the energy balance of ethanol production (4). Coagulation and flocculation are also commonly used methods to remove particulates and organic matter from wastewaters. They are usually conducted by adding chemicals such as salts of aluminium and iron and polyelectrolytes. The limitations of coagulation and flocculation are: an increased salinity of the effluent, the storage and handling of corrosive chemicals, need for pre-and post-dosing adjustment of pH and sludge handling (6) . Biological treatment processes such as anaerobic and aerobic digestion, as well as combination of these two methods have been successfully used for stillage treatment. Although the biological processes have several advantages such as the easy access and a large scale operation, the major drawbacks of these processes are high energy consumption, high labor costs, and large variations of the treatment efficiency with the change in feedstocks used for bioethanol production (1). However, it is hard and sometimes impossible to meet the environmental standards with aforementioned kinds of purification. Membrane separation techniques are widely used for distillery wastewater treatment, offering a possibility to improve the value of stillage and to meet environmental standards. The most commonly used membrane processes for wastewater purification are: microfiltration, ultrafiltration, nanofiltration and reverse osmosis.
The current trend in the membrane market has shown significant improvements in technical efficiencies of membrane systems, which makes them a cost competitive alternative to conventional treatment systems. Permeate flux rate and throughput are critical measures of membrane performance and play important roles in determining the cost of membrane filtration system (7). The aim of this study is to evaluate the application of microfiltration for stillage treatment, and to find the most suitable membrane for the filtration process.
EXPERIMENTAL Experimental material
The experiments were performed using distillery stillage from the ethanol factory Reachem, Srbobran (Serbia), where it was obtained from starch feedstocks.
Microfiltration experiment
The experiments were carried out in a conventional cross-flow microfiltration (MF) unit ( Figure 1 ). The feed was circulated by a peristaltic pump (ISMATEC, Switzerland), under the conditions of complete recirculation of the fluid. The feed suspension was concentrated to a volume concentration factor (VCF) of 1.88. The permeate was constantly drained away from the system, collected and analyzed. The transmembrane pressure difference was adjusted by the regulation valve. The inlet and outlet pressures of the membrane module were measured by two pressure gauges. The average of these two pressure values gave the value of transmembrane pressure (TMP) as the outside of the membrane is vented to the atmosphere. The experiments were performed under the TMP of 0.6 bar. The membrane module used was a MembraloxTM 1T1-70 module (SCT, Bazet, France). The single channel ceramic membranes used had nominal pore sizes of 200 nm, 450 nm and 800 nm (TAMI Deutschland) with the length of 250 mm and inner/external diameter of 6/10 mm. The useful membrane surface was 4.33×10 −3 m 2 . The membranes were cleaned according to the recommendation of the manufacturer аfter each experiment; the cleaning sequence was a classical acid-base one (alternate washing with 0.2% solution of NaOH and 0.2% solution of HNO 3 , both with recirculation, and rinsing with distilled water). After that the water flux of the membranes was measured; the measurement provided the reference to assess the effectiveness of the membrane cleaning. The permeate flux was calculated from the time needed to collect 10 mL of permeate. All measurements were carried out in triplicate, and the results were averaged. All experiments were carried out at the room temperature (25ºC).
Analitical methods
Feed and permeate samples obtained after the microfiltration of stillage were analyzed for dry matter, ash, organic dry matter, suspended solids, BOD and COD using Standard Methods (9) .
Dry matter content was determined by gravimetric method, drying the sample at 103-105ºC. Suspended solids were determined by centrifugation at 3000rpm during 10 minutes (centrifuge MLW T52.1); supernatant was poured off and the residue was determined by gravimetric method, drying at 103-105ºC. COD was determined by dichromate reflux method. BOD was measured using a VELP SCIENTIFICA BOD system according to the manufacturer manual. Total nitrogen was determined by Kjeldahl method (10)
RESULTS AND DISCUSSION
The stillage was analyzed immediately after its bringing from the factory. The results of the analyses are presented in Table 1 . As can be seen, the stillage had high values of COD and BOD, as well as the values of dry matter and total nitrogen. About 29% of dry matter is in form of suspended solids. According to these results it was confirmed that the stillage is highly polluted. Further, the stillage was passed through the microfiltration membranes with different pore sizes, applying the same conditions for all membranes (TMP = 0.6bar, feed flow rate (Q) = 100 L/h, pH = 3 and t = 25ºC). The permeates were collected and also analyzed ( Table 1) . The filtration time for the membranes with pore sizes of 200, 450, 800 nm was 3 hours 36 minutes 28 seconds, 4 hours 11minutes 8 seconds, and 5 hours 14 minutes 18 seconds, respectively.
Based on the presented results, it can be said that the values of COD, BOD, total nitrogen and dry matter decreased compared to the initial values of the stillage. The removal efficiency of COD for the membranes of 200, 450, 800nm was 36.7%, 37.3% and 38.7%, respectively. The total Kjeldahl nitrogen content was lower by 48.4%, 50.5% and 51.2% respectively, whereas the BOD/COD ratio was the same for all permeates, which indicates that the same kind of organic matters that pass through examined membranes are biodegradable. Suspended solids were completely removed from the stillage. The ash content of the permeate obtained after filtration through the membrane with pore size of 200 nm was higher by about 60% compared to initial value in the stillage. Arora et al. (11) reported similar results obtained after the ultrafiltration of thin stillage. Their results showed that ash content of permeate was higher than in thin stillage. They concluded that this may be attributed to the solubility of mineral components in the stillage stream, which allowed them to pass through the membrane. However, ash content was reduced in permeates for the membranes with pore sizes of 450 nm and 800 nm, which can be explained by particles accumulation within pores of the membrane. The sizes and the shapes of particles in stillage are very variable and dependend of the feedstocks used for bioethanol production. Therefore, pores can be blocked with components of large molecular weights.
Considering the pore size of the membranes for microfiltration, it cannot be expected to remove all organic pollution from wastewater by their application, but it can be reduced considerably. That makes microfiltration suitable as a pretreatment for ultrafiltration or reverse osmosis (6) .
The effect of the membrane pore size on the permeate flux is shown in Figure 2 . Experimental results suggest that there is a fast initial flux decrease for all membranes, it takes place during the first ten minutes of filtration and does not decrease significantly later on. As can be seen from the figure, similar flux rate profiles were observed for all membranes. The membrane with pore size of 800 nm had the lowest value of permeate flux. The reason for this can be found in the fact that the membranes with a larger pore sizes may be blocked due to the presence of components with large molecular weights. Numerous examples show that membrane fouling is more severe with increasing pore size. There appears to be an optimum pore size, above which severe membrane fouling reduces the flux. Attia et al. (12, 13) , while processing skim milk on aluminium oxide MF membranes, found higher permeate fluxes with a 0.2 μm membrane than a 0.8 μm membrane. Stopka et al. (14) reported similar results obtained after the microfiltration of model yeast suspension and beer. Their study showed that the permeate flux for the membrane with a pore size of 500 nm was lower compared to that observed for the membrane with pore size of 200 nm. Arora et al. (11) presented results of ultrafiltration of thin stillage, using membranes with pore sizes of 10 and 100 kDa. The results showed that the membrane with larger pore size (100 kDa) had lower flux.
It is evident that the membrane with a pore size of 200 nm had the best performance, in terms of permeate flux. The values of the flux for the membranes of 450 nm and 800 nm were lower compared to the membrane of 200 nm for 13.8 % and 31.2 %, respectively. This can be explained by the foulants accumulation within the larger pores of the membrane, which leads to their clogging. In contrast, the difference in the removal efficiency of COD, BOD, total nitrogen, and dry matter (Table 1) for all membranes is insignificant.
CONCLUSIONS
Based on the obtained results it can be concluded that the membranes with the pore size of 450 and 800 nm had lower permeate flux than the membrane with pores of 200 nm. The difference in the permeate quality for all membranes is insignificant. The membrane with the pore size of 200 nm showed the best results in terms of duration of the filtration process. Hence, it was chosen for the microfiltration of investigated starch based distillery stillage. Eventually, it can be concluded that the selection of the membrane is very important for the successful implementation of the filtration process, both from the economic standpoint and the standpoint of environmental protection.
